Correlation femtoscopy allows one to measure the space-time characteristics of particle production in relativistic heavy-ion collisions due to the effects of quantum statistics (QS) and final state interactions (FSI). The main features of the femtoscopy measurements at top RHIC and LHC energies are considered as a manifestation of strong collective flow and are well interpreted within hydrodynamic models employing equation of state (EoS) with a crossover type transition between Quark-Gluon Plasma (QGP) and hadron gas phases. The femtoscopy at lower energies was intensively studied at AGS and SPS accelerators and is being studied now in the Beam Energy Scan program (BES) at the BNL Relativistic Heavy Ion Collider in the context of exploration of the QCD phase diagram. In this article we present femtoscopic observables calculated for Au-Au collisions at √ sNN = 7.7 − 62.4 GeV in a viscous hydro + cascade model vHLLE+UrQMD and their dependence on the EoS of thermalized matter.
I. INTRODUCTION
One of the main motivations for heavy-ion collision programs is to study a new state of matter, the QuarkGluon Plasma (QGP) which reveals itself as a deconfined state of quarks and gluons [1, 2] . The systematics of transverse momentum spectra, elliptic and higher order flow coefficients measured in heavy-ion collisions at BNL Relativistic Heavy Ion Collider (RHIC) and CERN Large Hadron Collider (LHC) energies confirmed the presence of strong collective motion and hydrodynamic behavior of the system [3] [4] [5] [6] [7] [8] [9] [10] . While the hydrodynamic approach was successful in reproduction of elliptic flow measured at the top RHIC energies from the very beginning, there was apparent inability to reproduce the femtoscopic correlation measurements. The problem was solved several years ago along with substantial improvements of hydrodynamic modeling [11] [12] [13] . The improvements comprise a presence of pre-thermal transverse flow, an inclusion of shear viscous corrections to hydrodynamic evolution, an equation of state compatible with recent lattice QCD calculations, a consistent treatment of hadronic stage (hadronic cascade phase). As a result, existing stateof-the-art hydrodynamic models can reproduce, besides the transverse momentum distributions and elliptic flow coefficients, also the pion femtoscopic measurements [14] [15] [16] .
Recent lattice QCD calculations show that the tran- * e-mail: pavel.batyuk@jinr.ru sition from QGP to a hadron gas at high temperature and small µ B is a crossover one [17] [18] [19] [20] , and there are no signs of critical behavior in the region of µ B /T < 2 [21] . This goes in line with a recent analysis of combined full RHIC ( √ s N N = 200 GeV) and LHC ( √ s N N = 2.76 TeV) data in viscous hydrodynamic + cascade model, where an elaborate model-to-data comparison using Bayesian framework suggests that the speed of sound at all temperatures cannot fall below the hadron resonance gas value of ∼ 0.15, and that the resulting posterior distribution over possible equations of state of matter is compatible with the lattice QCD results [22] . At the same time, there are predictions inspired by the lattice QCD calculations on a possible change of existing regime to a first-order phase transition occurring at lower energies and higher chemical potentials [23] [24] [25] [26] [27] [28] [29] and thus leading to presence of a critical point on the QCD phase diagram at a moderate value of chemical potential [30] . These considerations motivated the BES program allowing one to study different parts of the QCD phase diagram at existing accelerators like SPS and RHIC, and, in future, at NICA and FAIR facilities.
It has been shown many years ago [31] [32] [33] that the long duration of particle emission related to a first order phase transition could reveal itself in the energy region of the onset of deconfinement as a strong increase of the Gaussian femtoscopic radius R out , measured along the pair transverse momentum, compared with the nearly constant radius R side , measured along the perpendicular direction in the transverse plane. As a result, one may expect a strong increase of the ratio R out /R side . In fact, a first order phase transition leads to a stalling of the mean expansion speed and a longer emission duration ∆τ which are manifested as an increase of the radius measured along the beam direction R long and of the ratio of transverse femtoscopy radii R out /R side , respectively. A large data set of correlation functions of identical charged pions has been recently obtained by the STAR Collaboration within the RHIC BES at √ s N N = 7.7, 11. behavior as a function of √ s N N indicates a wide maximum near √ s N N ∼ 20 GeV, which is reported also by the PHENIX Collaboration [34] . Could this wide maximum be related to the expected change of the type of phase transition?
To answer this and other questions, we study the sensitivity of Bose-Einstein correlations of identical pions to the EoS using a hybrid vHLLE+UrQMD model [35] . The model combines the UrQMD approach [36, 37] for the early and late stages of the evolution with numerical (3 + 1)-dimensional viscous hydrodynamical solution [38] for the hot and dense expanding matter. Hydrodynamic approach has an essential advantage for the present analysis, since it allows one to simulate different scenarios of hadron / quark-gluon transition by changing the EoS and other transport coefficients input.
The paper is organized as follows: the details of the model are discussed in Section II; in Section III the femtoscopy formalism is described; in Section IV the obtained results and discussion on them are presented; Section V is dedicated to conclusions.
II. VHLLE+URQMD MODEL
The use of multi-component dynamical models for the description of dynamics of relativistic heavy-ion collisions at RHIC and higher energies is inevitable, as hydrodynamic approach alone cannot describe the entire reaction. At the early stage of collision, thermalization of out-of-equilibrium quark-gluon system is assumed to occur, which allows one to describe the subsequent complex multi-particle dynamics using a relatively simple formalism of relativistic hydrodynamics. This requires an approach to calculate initial conditions for the hydrodynamic evolution 1 . As the matter expands, the characteristic mean free path of its constituents (quarks and gluons transforming into hadrons) becomes comparable to the system size. The interactions become less frequent, but they do not cease momentarily -which can be simulated by switching from the hydrodynamical evolution to a hadronic cascade, usually with the help of Cooper-Frye formula [40] .
For the early stage of collision different approaches (or models) have been used in literature, such as (MC-)KLN, IP-Glasma, EPOS, HIJING, Glauber model etc. Those approaches have been developed to be applied for full RHIC or LHC energies, and lose their applicability as a collision energy decreases. As for the Glauber model, it can estimate initial energy density profiles in transverse direction only. Therefore we choose to use UrQMD to simulate the initial stage of the collision. We enforce transition to hydrodynamical description at a hyper-surface of constant longitudinal proper time τ = √ t 2 − z 2 , distributing energy, momentum and charges of hadron degrees of freedom to geometrically corresponding fluid cells. For all collision energies in consideration, the resulting initial energy density is large enough, so these dense parts of the system reside in the QGP phase.
The following 3-dimensional viscous hydrodynamic expansion is simulated with the vHLLE code. Another input to the hydrodynamic part is the EoS, for which we use chiral model EoS (CM EoS) [41] or bag model EoS (BM EoS) [42] . Whereas the present version of CM EoS has a crossover type transition between QGP and hadronic phases for all baryon densities, the BM EoS has a first order phase transition between the phases also for all baryon densities. For both EoS there are publicly available tables, computed in full physically allowed T −µ B region, which makes them particularly useful for hydrodynamic computations with fluctuating initial conditions.
A fluid to particle transition, or particlization, is set to happen at a hyper-surface of constant (hydrodynamic) energy density ǫ sw = 0.5 GeV/fm 3 , when the hydrodynamic EoS corresponds to hadronic phase. The particlization hypersurface is reconstructed with the COR-NELIUS subroutine [43] . At this hyper-surface, individual hadrons are sampled using the Cooper-Frye formula including shear viscous corrections to the distribution functions. The hadronic re-scatterings and decays are treated with UrQMD model.
III. FEMTOSCOPY FORMALISM
Since the first demonstration of the sensitivity of the Bose-Einstein correlations to the spatial scale of the emitting source done almost 60 years ago by G. Goldhaber, S. Goldhaber, W. Lee and A. Pais [44] , the momentum correlation technique was successfully developed and is known presently as a "correlation femtoscopy". It was successfully applied to the measurement of the space-time characteristics of particle production processes in high energy collisions, especially in heavy-ion collisions [45] [46] [47] [48] [49] . Femtoscopy correlations are studied by means of a two-particle correlation function. In a production process of a small enough phase space density, the correlations of two particles emitted with a small momentum k * = |k * | in the pair rest frame (PRF) are dominated by the effects of their mutual final state interaction (FSI) and quantum statistics (QS), depending on PRF temporal (t * = t * 1 −t * 2 ) and spatial (r * = r tion [50, 51] and in such equal-time approximation describe these effects by properly symmetrized wave functions at a given total pair spin S, ψ
, representing solutions of the scattering problem viewed in the opposite time direction. So the complex conjugate, negative sign of the vector k * = p * 1 = −p * 2 and the detected channel α being the entrance one. Since the FSI factorization requires the FSI duration much larger than the particle production time, the relative momentum should be small also in the intermediate channels α
′ , so that one may consider the particles in these channels belonging to the same isospin multiplets as those in the detected channel α. Particularly, for identical particles, the multichannel problem reduces to the single elastic transition α → α only. Assuming further sufficiently smooth behavior of single-particle spectra in a narrow correlation region (smoothness assumption) [45, 46] , one can neglect the space-time coherence and write the correlation function at a given k * and pair three-momentum P as
where the overline describes the averaging over the total pair spin S and summing over the intermediate channels
It is implied that particles are produced in a complex process with equilibrated spin and isospin projections and so the separation distribution (source function) S α (r * , P) is independent of S and α ′ . Experimentally, a two-particle correlation function is defined as a ratio C(q) = A(q)/B(q). A(q) is a measured distribution of the difference q = p 1 − p 2 , where p 1 and p 2 are three-momenta of two considered particles taken from the same event, while B(q) is a reference distribution of pairs of particles taken from different events. The momentum difference is usually calculated in the longitudinally co-moving system (LCMS), where the longitudinal pair momentum vanishes. The vector q is usually expressed in terms of q out , q side , q long , where the "long" axis is directed along the beam, "out" -along the pair transverse momentum and "side" -perpendicular to the latter one in the transverse plane.
To perform a quantitative analysis of femtoscopic correlations, an analytical form of S is often used so that the result of integration procedure in Eq. (1) can be compared with a correlation function C obtained from an experiment. The source function is usually considered independent of the relative momentum q and its Gaussian shape is assumed:
The widths in three directions (out, side and long) are called "Gaussian femtoscopy radii"; the asterisk means that they are measured in PRF. In LCMS
long , where γ t and β t are the LCMS Lorentz factor and velocity of the pair. Since the space-time separation in PRF and LCMS is related by the Lorentz boost in the out direction: r * out = γ t (r out − β t t), r * side = r side , r * long = r long , the PRF and LCMS Gaussian radii coincide except for R * out = γ t R out . In present paper we consider the correlation function of two identical pions neglecting their FSI, so that
and Eqs. (1, 2, 3) yield the 3-dim Gaussian form of the correlation function. This form is usually used to fit the LCMS Gaussian radii according to:
where N is the normalization factor and λ is the correlation strength parameter, which can differ from unity due to the contribution of long-lived emitters and a nonGaussian shape of the correlation function; R out , R side , R long are the Gaussian femtoscopy radii in the LCMS frame. Eq. (4) assumes azimuthal symmetry of the production process, which forbids the presence of the crossterms except for q out q long . We neglect the latter assuming further the invariance under longitudinal boosts. Generally, in case of a correlation analysis with respect to the reaction plane, all three cross-terms q i q j contribute.
The described fitting procedure allows one to compare extracted femtoscopy radii from the model with existing experimental data. This can be considered as a standard approach. A disadvantage of this approach is due to the fact that the Gaussian parametrization can suppress an important information that could be derived from the long non-Gaussian tails of source functions. The PHENIX and STAR collaborations have recently started to apply a new "imaging technique" in order to extract directly the source function [52] . In contrast to the standard approach, the source imaging allows one to extract a real non-Gaussian source function, being in this sense a model-independent one.
Here we will use the vHLLE+UrQMD model to study the effect of a non-Gaussian shape of the source function and its dependence on the nature of the phase transition. This model provides the information on particle fourmomenta and four-coordinates of the emission points allowing one to calculate the correlation function with the help of the weight procedure. For non-interacting identical pions, the weight is given in Eq. (3).
IV. RESULTS AND DISCUSSION
In the present work, parameters of the vHLLE+UrQMD model were adjusted to approach experimental data for (pseudo-)rapidity distributions, transverse momentum spectra and elliptic flow coefficients with the CM EoS, corresponding to a crossover type transition dubbed below as "XPT". Then, the change from the CM EoS to the BM EoS (the latter corresponds to a first order phase transition dubbed below as "1PT") in data description practically does not change multiplicities and rapidity distributions of the produced hadrons. At the same time, hydrodynamic calculations with the BM EoS result in a slightly decreased mean p ⊥ and elliptic and triangular flow coefficients. Those trends are explained by a less violent transverse expansion with the BM EoS [53] .
In this section, we study the space-time characteristics of the hadron emission in the model and present the model results for the Bose-Einstein correlations of identical pions, obtained with the two aforementioned EoS's in a wide collision energy range √ s N N = 7.7 -62.4 GeV covered by the BES program at RHIC.
A. Pion emission time distributions
In the model one has an access to the space-time points of particle production in last collisions and resonance decays, in addition to their momenta. In Fig. 1 we visualize the averaged time distributions of last interaction points of pions from the model simulations at the lowest, middle and highest collision energies ( √ s N N = 7.7, 19.6 and 62.4 GeV, respectively) using the 1PT and XPT EoS's. A detailed information on the pion emission times as a function of √ s N N for all simulated collision energies and EoS's is given in Table I . From the Table I one can conclude an apparently weak dependence of the average pion creation timet at the particlization surface on collision energy. It is an interplay of longer pre-thermal and shorter hydrodynamic stage at lower collision energies: at √ s N N < 39 GeV, the hydro stage starts at τ 0 = 2R/(γv z ) when the two colliding nuclei have completely passed through each other, and the value of τ 0 is as large as 3.2 fm/c at √ s N N = 7.7 GeV. On the other hand, the duration of hydro stage becomes shorter as a collision energy decreases because of lower initial energy density at the hydro starting time. For the average pion creation times, the differences between 1PT EoS and XPT EoS are largest at the lowest collision energy in consideration. In addition, the 1PT EoS leads to larger root-mean-square (RMS) values of the time distributions, and the difference is again largest at the lowest collision energy. Because of re-scatterings and, more importantly, resonance decays in the final stage of hadronic cascade, the points of last interactions correspond to larger values oft, which also depend weakly on collision energy. The cascade somewhat smears the relative difference between the 1PT and XPT scenarios, both fort and RM S.
B. Three-dimensional correlation radii in LCMS.
An example of one-dimensional projections of threedimensional correlation function obtained with the vHLLE+UrQMD model using the 1PT EoS and XPT EoS is shown in Fig. 2 One can see that the pion correlation functions at small q i (i = "out", "side", "long") are not well described by the Gaussian function in Eq. (4). The observed difference between correlation functions calculated with the 1PT and XPT EoS's is noticeable in the "out" and "long" directions. In Fig. 3 this fact is demonstrated by the ratios of individual projections. The ratios in the "out" and "long" directions reach values up to 1.03 at small q out and q long . A percent deviation from unity at small q side values appears due to the finite cuts on q out and q long .
In Fig. 4 we present the m T -dependence of the threedimensional femtoscopy LCMS radii calculated at √ s N N = 7.7, 11.5, 19.6, 27, 39, 62.4 GeV using the 1PT and XPT EoS's, and a comparison of the obtained results with those ones obtained by the STAR collaboration [54] .
One can see that the model reasonably describes the m T -dependence of radii for all beam energies with both EoS's. As for the radii, they show different trends in the "out", "side" and "long" directions. Whereas the R side using both EoS's practically coincide, the R out with the 1PT EoS is generally larger (however, not more than 0.5 fm at any collision energy) than for the XPT EoS. This also leads to larger values of the R out /R side ratio using the 1PT EoS. The difference comes from a weaker transverse flow developed in the fluid phase with the 1PT EoS as compared with the XPT EoS 2 . A longer lifetime of the fluid phase in the 1PT scenario also results in a larger values of R long as compared with the XPT scenario. Whereas one could expect that at lower collision energies in the 1PT EoS a larger fraction of the fluid phase evolution occurs in the mixed phase with zero speed of sound leading to an increase of evolution time and R long , we did not observe such a trend in the model. The reason is that at lower collision energies in the model a sizable amount of radial flow is developed at pre-hydro stage. At the same time, the R out /R side ratio at lowest collision energies shows a clear EoS dependence.
The R out /R side and R 2 out −R 2 side as a function of √ s N N were studied at fixed m T by the STAR collaboration [54] . A wide maximum near √ s N N ∼ 20 GeV/c in both excitation functions was observed. This observation is however accompanied by rather large systematic error bars. We have calculated the very same quantities in the model and compared them with experimental data. The result of comparison is shown in Fig. 5 .
One can see that due to large experimental error bars the model calculations involving the XPT EoS are in a strong agreement with the data within the error bars at all energies, whereas the 1PT EoS overestimates the data. However, in the model taking into account the XPT EoS we observe a monotonic increase in excitation functions of both quantities, meanwhile the 1PT EoS results in a non-decreasing behavior of the quantities. The XPT EoS "works" better for lowest collision energies that might be seen earlier from a better description of individual radii in that energy region shown in Fig. 4 . A study of the R out /R side ratio looks traditional in the modern femtoscopy since the R out and R side radii are both reduced by flow, thus their ratio is a more robust against the flow effects.
As it was mentioned above, the parameters of the model were adjusted to approach the basic hadronic observables: rapidity, transverse momentum distributions and elliptic flow coefficients within the BES region, but not femtoscopic ones. No model tuning has been made for the femtoscopy, therefore the obtained radii may be considered as a free "prediction" even though that experimental data already exists. 
C. Source emission functions
In a Monte Carlo model one has an access to the spacetime characteristics of produced particles, which allows one to avoid the complicated procedure of solving the integral equation (see Eq. 1) as it is done in experiment [52] . The source emission function can be calculated directly as:
Here r i and r j are the particles space positions, r is the particles separation in PRF; δ ∆ = 1 if |x| < p/2 and 0 otherwise, p is a size of the histogram bin. The denominator in Eq. (5) takes care for the normalization by a product of the number of pairs N = i =j 1 and a bin size ∆ 3 . Fig. 6 demonstrates an example of one-dimensional projections of source emission function S(r * ) derived from the model directly.
One can see that calculations involving the 1PT EoS lead to longer visible tails in the projections as compared with the XPT EoS, especially for "out" direction. It is related to a weaker transverse flow developed in the fluid phase and a longer lifetime of the fluid phase taking place in the 1PT EoS. A similar observation has been reported for the "out" femtoscopic radii in the previous section.
A set of functions consisting of a single Gaussian, double Gaussian, Gaussian + Exponential, Gaussian + Lorentzian, and Hump function was tested for a description of one-dimensional projections of source emission functions. The best description was obtained with the Hump-function and the double Gaussian function. The last one gives only slightly worse χ 2 than the Humpfunction, but allows one for a clear interpretation of parameters and a more stable fit. The single Gaussian and double Gaussian fit functions are shown in Fig. 6 . The parameters extracted from these fits are presented in Table II.
The fit of projections of source emission function with a single Gaussian gives a large value of χ 2 /ndf . The fit with a double Gaussian allows one to get much better values of χ 2 /ndf and obtain a better description of the tails of projections of source emission functions until ∼ 60 fm in "out" and ∼ 25 fm in "side" and "long" directions, respectively. The radii extracted from the double Gaussian fit have a small component R small i of 4-12 fm and a large component R large i of 8-20 fm (as usual, i denotes "out", "side" and "long" directions). It reflects the fact that pion source consists of direct particles (described by the first component) and re-scatterings (the second one). The difference between radii extracted from the source emission functions obtained with the two EoS's is seen for both components -R small i and R large i , but it is rather small, less than 0.5 fm. The radii are larger for the 1PT scenario being consistent with the three-dimensional femtoscopic radii reported above.
It is interesting to note that in case of the single Gaussian fit the values of the radii are approximately equal to the ones derived from the double Gaussian fit and averaged quadratically over relative contributions of small and large radii. It means that the one-dimensional Gaussian radii roughly reflect the main features of double Gaussian fits. The radii increase with increasing √ s N N for both types of calculations. The visible difference between small and large radii in "out" direction (see Fig.7 (a) ) decreases with increase of √ s N N . The relative contributions of small and large radii to "out" direction are equal to ∼ 0.65 and ∼ 0.35 (see Fig.7 (d) ) and practically do not depend on either √ s N N or type of EoS. The radii in "side" direction seem to be independent of √ s N N (see Fig.7 (b) , (e)). The radii in "long" projection almost coincide for both types of EoS (see Fig.7 (c) ), but the relative contributions of them as a function of √ s N N demonstrate a difference depending on EoS. The relative contribution of the large radii has a tendency to increase with √ s N N and is larger in case of the 1PT scenario (see Fig.7 (f) ).
Of course, the best comparison with experiment is a direct comparison of source emission functions from the model with the extracted ones experimentally. Nevertheless, this study shows us that the use of a double Gaussian fit also reflects a lot of interesting features of source emission functions, while a single Gaussian fit used in many experiments can be a rather risky procedure due to poor description of the source by this function. However, as it was demonstrated above, the radii extracted from the single Gaussian fit are equal to the properly averaged double Gaussian radii, giving, in principle, a realistic information on the source. This result is quite encouraging since it is much more easy to study the three-dimensional radii than the source emission functions. We have presented a first study of the pion femtoscopy in the energy range of the BES program at RHIC within the viscous hydro + cascade model, vHLLE+UrQMD. It is shown that the XPT scenario used in the fluid phase results in a quite competitive reproduction of the three-dimensional pion femtoscopic radii measured by the STAR collaboration.
The "out" Gaussian femtoscopic radii obtained with the 1PT EoS are systematically larger as compared with the XPT EoS; the "side" radii coincide for both types of EoS; the "long" radii are also somewhat larger for the 1PT EoS.
The 1PT EoS results in a systematically worse reproduction of the data, however the differences between two EoS's are not so large. The R out /R side ratio and R XPT EoS, but their energy dependences observed in the model are quite monotonic as opposed to the broad maximum around √ s N N = 20 GeV reported by STAR. At the same time, the 1PT EoS overestimates experimental data points for both R out /R side and R 2 out − R 2 side . In particular, the latter EoS does not reproduce the femtoscopic radii even at the lowest energy considered, √ s N N = 7.7 GeV.
There is an indication in our study that an optimal description of the femtoscopic radii requires about 1 fm/c shorter duration of pion emission with the present setup of the model. Then at lower energies the 1PT scenario is closer to the data. This fact may indicate a change of the nature of phase transition at energies less than 20 GeV and this should be an incentive for future experiments at NICA and FAIR. It is an open question whether a new set of parameters suitable for the femtoscopic radii description can be found.
In addition to the traditional femtoscopic radii, we have calculated source emission functions of pion pairs. It was shown that it is possible to distinguish calculations involving different EoS's. The projections of source emission functions onto "out" direction are wider for the use of the 1PT EoS. For "side" direction these projections coincide for both scenarios; for "long" direction the projections obtained with the 1PT EoS are also wider in comparison with calculations using the XPT EoS. This observation is related to a weaker transverse flow developed in the fluid phase and a longer lifetime of the phase in case of the 1PT EoS used.
In order to describe the source emission functions quantitatively a set of different fitting functions has been tested. It is shown that the use of a double Gaussian fit to the source emission function gives a reasonable description and allows one for a simple interpretation of the obtained small and large radii.
So far we have performed femtoscopic analysis with vHLLE+UrQMD model only. As a next step we plan to extend the analysis using 3-fluid hydrodynamics-based event generator THESEUS [55] . In THESEUS the hydrodynamical description of heavy ion reaction starts earlier, which results in different sensitivity to hydrodynamic EoS especially in the NICA energy range.
